High resistivity silicon particle detectors will be used extensively in experiments at the future CERN Large Hadron Collider where the enormous particle fluences give rise to significant atomic displacement damage. A model has been developed to estimate the evolution of defect concentrations during irradiation and their electrical behaviour according to Shockley-Read-Hall (SRH) semiconductor statistics. The observed increases in leakage current and doping concentration changes can be described well after gamma irradiation but less well after fast neutron irradiation. A possible non-SRH mechanism is considered, based on the hypothesis of charge transfer between clustered divacancy defects in neutron damaged silicon detectors. This leads to a large enhancement over the SRH prediction for V 2 acceptor state occupancy and carrier generation rate which may resolve the discrepancy.
I. INTRODUCTION
High resistivity silicon detectors will be used extensively in experiments 1,2 at the CERN Large Hadron Collider (LHC) where intense proton beams will be collided with a total centre of mass energy of 14TeV at a rate of 40MHz. High interaction rates are essential to accumulate sufficient numbers of the rare events from which new physics discoveries are expected and these lead to large numbers of penetrating charged particles traversing the inner layers of the experiments. Highly segmented silicon detectors, widely used in present particle physics experiments, will be employed to measure their trajectories and, in consequence, are exposed to high levels of radiation, typically 10Mrad and 10 14 cm -2 fast neutron equivalent over the operational lifetime.
High resistivity material is used for particle detectors to allow full depletion at moderate bias voltages (<200V) (for a recent review see Ref. 3) . Although many changes take place during and after irradiation, for example at the surface of microstrip detectors, studies over recent years have shown that up to ~10 14 particles/cm 2 most do not cause fundamental problems. [4] [5] [6] [7] [8] [9] The principal obstacle to long term operation of silicon detectors at LHC arises from bulk damage which alters the effective doping, and thus operational voltage, of the material.
Although radiation damage studies have been carried out on silicon for many years, the microscopic origin of effects observed is still not well understood. Phenomenological models have been developed 10 which have been adequate for many applications but provide no guidance in interpreting, or modifying, the behaviour of high resistivity detector material. Recently, it has been hypothesised 11 that many observations on detector material could be attributed to a few deep traps introduced during irradiation and, using methods developed for optical absorption studies, 12 the evolution of important traps could be modelled numerically. 13 This has allowed the tentative identification of a few states which might explain the most significant observations.
In comparing the results from the model with experimental data, it was found that, while gamma irradiation results can be predicted rather well, there is a large discrepancy in the description of fast neutron (~1MeV) damage. The major difference between the damage caused by these two types of particles is in the formation by neutrons of local highly disordered regions, referred to as clusters, which contain multiple defects. This paper proposes a possible explanation for resolving the discrepancy which is attributed to charge exchange between divacancies (V 2 ) contained inside the clusters. Both effective doping concentration under bias and leakage (dark) current can be enhanced by a large factor over the standard Shockley-Read-Hall (SRH) prediction as a result of this mechanism.
Section II of this paper reviews the bulk (displacement) damage mechanisms, experimental results for silicon detectors, and the model developed to explain the experimental data. Attention is focused on leakage current damage and the apparent discrepancy between the model and data. Section III considers the possible effects of clustering of divacancy states, hypothesised to occur after neutron damage. Calculations of the charge exchange reactions between neighbouring V 2 states are presented, which result in a large increase in charged V 2 concentration and a related, large increase in the leakage current density contributed by V 2 states.
II. BULK RADIATION DAMAGE IN SILICON

A. Bulk damage mechanisms
Bulk damage occurs when incident particles transfer sufficient kinetic energy to the lattice to displace a silicon atom from its lattice site; around 15eV of recoil energy is required. 14 Displaced atoms may come to rest in interstitial (I) positions, leaving vacancies (V) at their original locations. If the recoiling atom has sufficient kinetic energy it can displace further silicon atoms, giving rise to a cascade of displacements. Some resulting vacancies and interstitials recombine, leaving no net damage, while some vacancies may amalgamate to form stable divacancies. The remaining vacancies and interstitials diffuse away from the damaged region until they reach a surface or react with other defects, forming defect complexes, or react with impurity atoms such as carbon, oxygen and phosphorus, which are among the more common impurities in typical detector grade silicon.
The dependence of damage on particle type and energy has been widely correlated with Non-Ionising Energy Loss 15 (NIEL) and this seems to be in general agreement with observations. However, there are significant differences between the type of damage created by light particles (photons and low energy electrons) and heavy particles (e.g.
protons, neutrons and pions).
In the case of gamma irradiation, for example 60 Co photons (1.17 and 1.33MeV), bulk damage occurs primarily as a result of the interactions of Compton electrons with the host atoms. 16 The scattered electrons from 60 Co photons typically have energies of only a few hundred keV on average, 17 which is insufficient to displace more than one or two silicon atoms 18 from their lattice positions. The generation of divacancy states is therefore limited and most defects are of the vacancy-impurity type distributed uniformly throughout the bulk silicon. The introduction rates for vacancies and divacancies have been determined as K V = 1.2x10 -3 cm -1 and K V 2 = 2.8x10 -5 cm -1 respectively (±10%) for 60 Co photon damage. 19 In contrast, 1MeV neutrons are much more damaging as up to 130keV is transferred to the primary knock-on atom (PKA). For recoil energies around 100keV, typically 50% is deposited via ionisation 20 while displacements predominate as the knock-on atoms lose their final 5-10keV. As the atoms reach the end of their range, the distance between collisions is similar to the atomic separation and vacancies and interstitials tend to be created in dense clusters. Simulations have shown that, for 1MeV neutrons incident upon silicon, a tree-like displacement cascade is usually created with two or three "terminal clusters" of ~50Å linear dimension. 21, 22 At least 90% of the initial V-I pairs recombine immediately and some vacancies combine to form V 2 , and possibly larger vacancy complexes. The remaining vacancies and interstitials diffuse away and are eventually trapped forming stable defects distributed evenly throughout the substrate. The introduction rates for vacancies and divacancies have been determined to be K V = 2.1±0.5cm -1 and K V 2 = 4.7±0.4cm -1 respectively for 1MeV neutron damage. 23 The ratio of introduction rates for divacancies relative to vacancies is therefore ~100 times greater for neutron damage than for 60 Co photon damage. The main difference between the gamma and neutron bulk damage mechanisms is the formation of defect clusters with neutron damage. For neutron damage, most of the displacements occur in the formation of the damage clusters, therefore these small volumes are expected to be rich in divacancy states. There is strong evidence that V 2 defects are formed by the combination of vacancies created in close proximity as opposed to the coupling of migrating vacancies from the displacement events of different incident particles 24, 25 and theoretical calculations of defect cluster formation in radiation damaged silicon 26, 27 predict a core of divacancies in the damage cluster (some of which may coalesce to form four-vacancy complexes 27 ).
B. Bulk damage effects
The principal observable consequences of bulk damage in silicon detectors are increased leakage currents and doping changes. Diode leakage currents increase in linear proportion to particle fluence. After high energy hadron irradiation the volumetric current density J V increases with fluence ) as J V = D), with D Å 5-10 x 10 -17 A/cm (at 20°C); 4, 5, 28 the damage constant for 60 Co photons is much smaller, D Å 7x10 -23 A/cm (at 20°C). 29 Although the linear dependence is apparently trivial, it is not easy to explain. Annealing effects are important; leakage currents are observed to decrease by factors of 2-3 during long term room temperature annealing. 30 The current is sensitive to temperature and can be reduced considerably by modest cooling. The dependence is usually parameterised as J V ~ T 2 exp(-E a /kT) with E a Å0.62eV for neutron damage, 31, 32 and E a Å0.68 for 60 Co gamma damage. 33 During irradiation there are changes in the effective doping concentration N eff of the bulk material. After a sufficient fluence of heavy particles, the bulk silicon, which is normally ntype, is observed to invert and behave as p-type, when under reverse bias. 5, 8, 9 A typical fluence of 1MeV neutrons to bring this about is ) inv ~2 x 10 13 cm -2 ; more detailed studies 34 as a function of starting material resistivity have parameterised the dependence on initial doping concentration N 0 as ) inv Å 18 [cm] x N 0 . Both short and long term annealing is observed. At ambient temperature there is an initial recovery of donors (or acceptor reduction) but later a slow increase of acceptor density is observed ("antiannealing"). 28 The effect is especially marked after high fluence irradiations. Cooling to below about 5°C has been observed to suppress anti-annealing but at the expense of the initial beneficial anneal, during which some of the damage is apparently repaired. This has been established by experiment 28, 35 but there is no theoretical explanation.
The changes in the effective doping concentration are attributed to the build-up of charged defect states in the silicon substrate. Several radiation induced defects in silicon have been identified and measured in silicon using different techniques such as infra-red absorption, electron paramagnetic resonance (EPR), photoconductivity and deep level transient spectroscopy (DLTS). This has enabled the determination of trap energy levels, charge states and introduction rates. Table I shows the defects considered to be most important 13 in irradiated high resistivity silicon detectors.
C. Microscopic explanation of bulk damage
Simulation of the evolution of defect concentrations
The numerical model of complex defect evolution was originally developed by Davies and co-workers to explain optical absorption data at infra-red wavelengths after irradiation by 2 MeV electrons. 12 Characteristic absorption lines correspond to the presence of known defect centres and the concentrations of several species were determined as a function of electron fluence using samples of Czochralski and float-zone material, where initial impurity concentrations had been accurately determined. The model required some modifications to be applicable to high resistivity detector material, in particular to include the presence of phosphorus. The reactions used in the model are listed in Table II . In thermal equilibrium, emission and capture rates of electrons (or holes) are identical.
This detailed balance allows the calculation of the emission rate probability of a trap by the use of Fermi-Dirac occupancy statistics. In a silicon diode under reverse bias the system is in a steady state away from thermal equilibrium. It is assumed that emission rate probabilities calculated under thermal equilibrium conditions remain unchanged allowing the steady state trap occupancy to be written as
n i is the intrinsic carrier concentration, n and p are the electron and hole concentrations, V n and V p are the trap cross-sections, the trap energy level is E t , the intrinsic level is E i , and kT is the Boltzmann factor. Under reverse bias, capture reactions are suppressed due to the reduction of mobile carrier densities and leakage currents arise from emission processes. The carrier generation rate is then given by
where N t is the trap concentration and v is the thermal carrier velocity.
If the occupancy of each trap is known, the effective doping concentration N eff , (positive for n-type) can be calculated from
by summing over the donors (D) and acceptors (A), where N A and N D are the trap concentrations, in addition to the free carriers in the bulk (n and p).
Calculations of the evolution of N eff were first carried out by Watts and co-workers. 23 They hypothesised, to simplify, that after high particle fluences bulk silicon was intrinsic and assumed a single acceptor level at the middle of the energy gap. Both assumptions are justified by experimental data, since highly irradiated silicon does seem to become almost intrinsic in thermal equilibrium, while under bias it behaves as strongly p-type. Using the measured value of current density, they calculated the depletion voltage, and thus effective doping concentration, as a function of neutron fluence. There was only one free parameter, the introduction rate of the acceptor state, which was adjusted to match the data. Given the simplicity of the assumptions, it was possible to explain the observed behaviour of silicon diodes constructed on both p-type and n-type substrates after neutron irradiation surprisingly well. If the acceptor is not at mid-gap, the required introduction rate can be plotted as a function of the trap energy level 13,29 as in Fig. 2 .
The essence of the deep acceptor hypothesis was verified by studying the depletion behaviour of silicon photodiodes under illumination. 13 Irradiated detectors were observed to behave in a manner consistent with deep level acceptor states being filled by photogenerated electrons, in contrast to unirradiated devices.
An attempt has been made to ascertain which defect states might be responsible for the observed effects of bulk damage in high resistivity silicon. In Fig. 2 The change in N eff (absolute value) with dose is shown in Fig. 3 , along with results from the bulk damage model explained below. The effective doping starts n-type but inverts to p-type at around 90Mrad (9x10 5 Gy), with the data points determined from C-V characteristics. For the model calculations of N eff , the measured leakage current density was used as an input parameter to determine the steady state free carrier concentrations (n and p) from the current continuity equation. According to the model the creation of V 2 O and VP defects dominates the change in N eff with gamma irradiation. E(V 2 O) is not precisely known (E c -0.50±0.05eV) and within this uncertainty range the model results can be influenced significantly. Good agreement with the data was obtained with E(V 2 O)=E c -0.515eV and this value was subsequently used in the other calculations.
A similar comparison was made between the model prediction for the change in N eff and data for devices irradiated with 1MeV neutrons. Several Micron 41 photodiodes (10x10mm 2 , 250µm thickness) were irradiated at the RAL facility, 42 with a flux of around 5x10 12 n/cm 2 /hr. Dosimetry was carried out using the activated foil technique, which has a systematic uncertainty of ~20%. 42 The measured change in N eff is shown in Fig. 4 , along with the model prediction. In these devices the initial phosphorus concentration was determined to be ~10 12 cm -3 and type inversion was observed to occur after a fluence of 2x10 13 n/cm 2 . In contrast to the gamma damage results, the model did not predict the observed change in N eff as accurately; in particular, the inversion fluence was a factor of Although the trap occupancies were derived in the model from experimentally measured values of leakage currents, they should lead to a self-consistent estimation of the leakage current density J v since,
In the following calculations all defects are treated as single-level states; although three V 2 energy levels are present in the band gap, the singly charged acceptor state at E c -0.42eV
dominates the V 2 occupancy under typical reverse biased conditions. In general, the electron and hole capture cross sections are not very well known for any of the defects considered. A value of V n =V p =10 -15 cm 2 is therefore assumed which corresponds approximately to the cross-sectional area of a single atom and thus the typical size of a point-like defect in the bulk. Under the assumptions that n, p << n i in a detector under reverse bias and that V n = V p = V, equation (2) can be further simplified to
The cosh(E) factors for the different defects in the model are shown in Table I Measurements of the leakage current were made on each detector at a bias voltage of 100V which ensured that the diodes were fully depleted. The leakage current density was then obtained by dividing the current by the active volume of the device. All the devices included guard rings to ensure that the active volume was well defined. Table III shows the calculated contributions to the leakage current density after a dose of 100Mrad 60 Co photons, compared to the data value (for T=300K). V 2 O states are predicted to be almost completely responsible for the increase in leakage current for 60 Co damage. Fig. 5 compares the model results with the measured data for doses up to 220Mrad. The model predicts a current density within a factor of 3 of the measured values which represents rather good agreement given the uncertainties. The temperature dependence of J v predicted by the model was also compared with data. Using the parameterisation J v T 2 exp(-E a /kT) and taking into account the change in the band-gap energy with temperature, 43 the model predicted a value of E a =0.64eV. This is in reasonable agreement with the measured value of E a = 0.68±0.01 eV for temperatures between 10°C and 70°C. 33 A similar analysis of the different defect contributions to the leakage current density was carried out for neutron irradiated detectors. Table IV shows the contributions of different defects to the leakage current density after a fluence of 1.5x10 13 n/cm 2 and Fig. 6 compares the model calculation to measured data as a function of neutron fluence. For neutron damage, V 2 O and V 2 states are predicted to dominate, but this time the total calculated leakage current is consistently underestimated by around two orders of magnitude.
E. Possible explanations
In summary, the model appears adequate but not perfect. Some minor reactions may still be missing and it is desirable that parameters, such as cross-sections and capture radii, are known with greater precision. The main effects of bulk damage, the change in effective doping and the leakage current increase, are predicted with reasonable accuracy for 60 Co gamma irradiated detectors. In contrast, significant differences are observed between experimental data and the model results for neutron irradiated devices; especially in the leakage current prediction. The model was therefore re-examined to try to shed light on the origin of this large discrepancy. Since only a few states appear to contribute significantly to leakage currents, the simplest procedure was to examine systematically each one to verify whether changes in assumed parameters could influence the result.
The two states which exercise the most influence over the results are V 2 O and V 2 (see Tables III and IV) . Most of the other contributions (from VO, VP, CC, etc.) would require such large changes in the assigned cross-sections that they can be ruled out. Very large underestimates of trap concentrations are not considered likely either; uncertainties are estimated to be around 40% at most. 13 The CC and CO states were also excluded as culprits since these defects do not form during short irradiations with neutrons performed at temperatures below ~10°C, since the interstitial carbon atoms are essentially immobile, 44 whereas large increases in leakage currents are still observed. 28, 45 It is possible, despite several decades of investigations into radiation induced defects in silicon, that not all traps created by neutrons have been identified and an unidentified state very close to the centre of the band-gap should contribute strongly to the leakage current. However the introduction rate of such a defect would have to be ~8cm -1 (assuming V=10 -15 cm 2 ) to account for all of the leakage current damage in neutron irradiated detectors. In this case its contribution to the effective doping concentration would also be very large in comparison with other charged defects. A donor would strongly compensate the effect of acceptor states such as V 2 O, thereby worsening the discrepancy between the model and data for effective doping changes during neutron irradiation. Conversely, an acceptor with sufficiently high introduction rate would lead to type-inversion much sooner than observed. In addition the state must not be significantly produced during gamma irradiation.
The strong correlation 11 between leakage current and effective doping suggests that a single mechanism might underlie the observations and the presence of defect clusters in neutron irradiated silicon, and their absence in gamma irradiated material, suggests a possible cause. The disordered regions must retain significant order because divacancies are readily identifiable in high concentration in DLTS studies. It seems plausible that the high V 2 density in clusters could modify the normal SRH picture of generationrecombination. Recently, charge exchange reactions between traps have been observed 46, 47 and enhanced diode currents attributed to this mechanism 48 . The investigation of this effect forms the subject of the remainder of this paper.
III. EFFECT OF DIVACANCY CLUSTERING
A. Divacancy production and charge exchange reactions
As already stressed, the main difference between fast neutron and gamma irradiations is the presence of clusters of damage from neutrons which are expected to be rich in V 2
states. With some simple assumptions the divacancy density in the terminal clusters can be estimated: the interaction cross section for neutrons on silicon in the few MeV range 49 is approximately 3 barns and there are 5x10 22 atoms/cm 3 , so the cluster introduction rate is Å0.4cm -1 if, on average, 2.5 terminal clusters are created per interacting neutron. 21, 22 Assuming that all the V 2 defects are distributed inside clusters, there are Å12 V 2 defects per cluster, with a local concentration of ~10 20 V 2 /cm 3 if the clusters have an average volume 22 of (50Å) 3 .
V 2 defects are known to have three energy levels in the band gap, giving four charge states, (+, 0, -, or 2-) as in Fig. 7 . The energy levels for the electrons associated with the charge states of (0), (-) and (2-) are at E v +0.25 eV, E c -0.42 eV and E c -0.23 eV respectively. 50 The states closest to the conduction or valence band edges have the highest carrier emission rate probabilities, with an exponential dependence on E band -E trap . In high resistivity silicon under reverse bias, the neutral state of the divacancy is most probable, by a considerable amount. The V 2 contribution to the leakage current can therefore be enhanced if the charge exchange reaction V 2 0
Charge exchange reactions which influence the generation rate will also affect the occupancy of charged states since a new steady state situation will arise compared to a system of isolated defects. The enhancement of the number of charged states with higher emission probabilities not only generates more carriers into the conduction and valence bands, it also ensures that these states have a higher steady state concentration. This can therefore influence the effective doping concentration in a significant way.
This phenomenon is almost unique to the divacancy due to its multi-valent nature. In contrast, for identical single-level defects, the reaction X 
B. Electron occupancy of the V 2 levels.
An example of electron and hole transitions and the corresponding transition rate formulae, 51 between two general energy levels, E 1 and E 2 , having electron occupancy f 1 and f 2 , is shown schematically in Fig. 8 . As in the standard SRH calculation for single levels, the thermal equilibrium case is considered in order to determine the emission rate probabilities which are then assumed to be unchanged in the steady state, nonequilibrium situation. For multi-valent states such as V 2 the results of Shockley and Last 52 were used to determine the charge state occupancy in thermal equilibrium. Under reverse bias, a silicon detector is in a steady state away from thermal equilibrium. The density of electrons and holes in each of the three V 2 energy levels is therefore constant. Considering the electron density gives,
where n 1 , n 2 and n 3 represent the electron density in the (-/2-), (0/-) and (+/0) divacancy levels respectively, and n and p are the free electron and hole concentrations. The electron occupancies of the different V 2 levels can then be calculated by considering the different capture and emission reactions that may occur; considering the (0/-) level for example,
which in full gives
hence,
Similar expressions are obtained for the electron occupancies, f 1 and f 3 , of the (-/2-) and (+/0) divacancy levels respectively at 300K for a band gap of 1.12eV. 53 The abbreviation AEE jk represents (E j -E k )/kT.
The equations for f 1 , f 2 and f 3 were solved iteratively as a function of clustered V 2 density with the results shown in Fig. 10 . The occupancy values f 1 and f 3 were close to zero and one respectively, consistent with the higher emission rates of these states. 
C. Leakage current density and damage constant for clustered V 2 defects
The leakage current density in the clusters J v cl due to the V 2 states can also be determined from the steady state condition applied to the conduction band
Neglecting capture terms that are suppressed under reverse bias, when f c Å0 and f v Å1
gives
The leakage current damage constant α cl , (for the cluster contribution) can be expressed (16) where η cl is the cluster introduction rate and V cl represents the volume of the terminal clusters. The damage constant can then be expressed in terms of the V 2 introduction rate η V 2 , and the clustered V 2 density N t as
From equation (15), the leakage current contribution from clustered V 2 states is determined by the occupancy of the different V 2 levels. 4, 5, 28 The temperature dependence of the leakage current contribution from clustered V 2 defects was also calculated for N t =10 19 cm -3 . It could be fitted with the usual form Jv ~ T 2 exp(-E a /kT) with E a =0.60eV, which compares well with the measured value of 0.62±0.02eV. 31, 32 IV. SUMMARY Using a computational model of defect kinetics the evolution of different defect concentrations can be predicted for irradiated silicon with different initial impurity levels.
With Shockley-Read-Hall semiconductor statistics included, the model predicts the value of observable parameters such as the effective doping concentration and leakage current density as a function of dose or fluence.
For 60 Co gamma irradiation, the model predictions for the change in effective doping, leakage current increases, and leakage current temperature dependence are in relatively good agreement with measured values. According to the model, these effects are dominated by the creation of V 2 O defects.
In the case of 1MeV neutron damage, V 2 O and V 2 defects dominate the bulk damage effects but the agreement between the model and data is poor. In particular, the leakage current density is underestimated by around two orders of magnitude. This large discrepancy is unlikely to be due to uncertainties within the model and it is improbable that an unidentified state, near mid-gap, is responsible.
The clear difference between 1MeV neutron and 60 Co gamma damage is in the formation of dense defect clusters during neutron irradiation. Divacancies are estimated to be present in densities of 10 20 cm -3 inside the clusters, in contrast to the other important defect species which tend to be distributed more uniformly throughout the bulk. Introduction rate required in order to account for observed changes in effective doping due to bulk damage from neutrons for acceptor states with different energy levels. The V 2 O defect state stands out as the most probable candidate for the deep-acceptor state responsible for the observed effects. See ref [11] for details of the calculations. Leakage current density generated in V 2 clusters and contribution to leakage current damage constant.
